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Abstract 
In this study we have investigated the contribution of superimposing high voltage pulse on DC bias 
on the corrosion protection ability of TiAlN coatings deposited with cathodic arc physical vapor 
deposition (CA-PVD). Superimposing high voltage on DC bias resulted in the decrease of the 
number of attached macroparticles (MP) and also densified the columnar structure. These 
differences significantly improved the corrosion protection ability of the coatings that were 
determined by electrochemical impedance spectroscopy (EIS) in 0.1 N HCl solutions. An 
approximately 6 fold increase in the polarization resistance for the samples deposited by using -
1000 V superimposed pulse voltage on 40 V DC bias when compared to the ones deposited only 
by DC bias. For further elaborating these results, the distribution, size and morphology of the 
corrosion sites were determined with ferroxyl test, scanning electron microscopy (SEM) and 3D 
optical profilometry. Results of the ferroxyl tests indicated a dramatic decrease of corrosion sites 
by superimposing -1000 V on DC bias. Closer investigation of these sites showed that corrosion of 
the substrate is first initiated at the bottom of the defects extending through the coating and then 
expanded below the coating. The depths and diameters of the corroding sites, revealed by removing 
their caps with ultrasonication were substantially lower for the samples produced with 
superimposed bias. Results of the study indicated the necessity of combining electrochemical 
corrosion test results with the morphology and distribution of corrosion sites for a proper 
understanding of the corrosion protection ability of hard coatings.  
Key words: CA-PVD; Superimposed pulse bias; TiAlN coatings; Corrosion; EIS; Ferroxyl test.  
 
 
 
1. INTRODUCTION 
Nitride based hard ceramic coatings especially TiN, CrN and TiAlN are highly demanded for 
tribological applications owing to their superior hardness and tribological properties. Application 
areas of nitride based hard ceramic coatings are not only limited to tribological practices but also 
to corrosion protection, decorative coatings, electrical circuit elements, etc. because of their high 
oxidation resistance, appeal and good electrical conductivity [1-5].  
High corrosion resistance of nitride based hard ceramic coatings has drawn a significant attention 
for utilization of them as corrosion protective coatings. Many studies have been performed with 
different coatings in various medias to investigate the corrosion behavior of nitride based hard 
ceramic coatings and these efforts have been reviewed by Jehn et al. [3] and recently by Fenker et 
al [5]. According to these studies, hard ceramic coatings deposited on inert substrates show almost 
excellent corrosion resistance. However, poor corrosion protection ability was obtained from hard 
coatings deposited on low corrosion resistant substrates [6-8]. This behavior is related to the defects 
extending through the coatings to the substrates [6]. Hard ceramic coatings produced by PVD have 
columnar structure and some inherent defects, such as porosities, voids, pinholes, and macro 
droplets (MP) in the case of cathodic arc physical vapor deposition (CA-PVD) [1-6]; [9 -11]. These 
defects and columnar structure is the main drawback of hard coatings that limit their usage for 
corrosion protection [5]. Different strategies and approaches have been used to improve corrosion 
protection ability of ceramic hard coatings such as optimization of coating parameters, multilayer 
coatings, composite and nano-composite coating applications, increasing coating thickness, and 
deposition of a metallic interlayer between the substrate and coating [12-19].  
Among these nitride based hard ceramic coatings, TiAlN is known to exhibit comparably better 
corrosion protection ability, which is attributed to the self-repairing properties owing to the 
presence of Al in their structure [20]. There are many studies focused on the investigation of 
corrosion behavior of TiAlN coatings, which are deposited on different substrates and tested in 
different aggressive media. According to these works, TiAlN coatings considerably enhance the 
corrosion resistance of the system in most of the corrosive environments [20-22]. On the other 
hand, the corrosion protection ability of TiAlN coatings can be lower than expected and not always 
be highest compared to the other nitride based hard ceramic coatings depending on the substrate 
material, corrosive media and the structural properties of the coating [18, 23, 24].  
In this work we aimed to investigate the structural and morphological effects induced by 
superimposing high voltage pulse on DC bias on the corrosion protective properties of TiAlN 
coatings. In our previous work [25], we have observed that this mode of bias application resulted 
in a significant decrease in macro particle attachment and densified the columnar structure. Both 
of these modifications are expected to exert positive influence on corrosion protection ability of 
the coatings by reducing the defects, pinholes extending through the coating to the substrate. For 
achieving this aim, we investigated the time dependent corrosion behavior of the coated samples 
with electrochemical impedance spectroscopy (EIS) analysis. For further evaluating the corrosion 
protection ability of the coatings, ferroxyl test was applied to the samples that were subjected to 
the corrosion tests. SEM and optical profilometry studies are conducted on active corroding sites 
that were marked by ferroxyl test for the determination of corroding site morphology and 
distribution.  
2. EXPERIMENTAL STUDIES  
TiAlN coatings were deposited on metallographically mirror polished low carbon steel (AISI 1010) 
substrates having 2.5 x 5 x 0.3 cm dimensions. Prior to the deposition process, samples were 
cleaned ultrasonically in alkaline solution for 15 min and in ethanol for 10 min, respectively. Then, 
the samples were cleaned with distilled water, dried with ethanol, and placed into the vacuum 
chamber. Coating procedure was carried out in a Novatech-SIE, Model: NVT-12 cathodic arc 
physical vapor deposition (CA-PVD) unit. Sample surfaces were ion etched using Ti ion plasma 
under -1000 V pulse bias with a duty cycle of 80 % for a duration of 4 min.  After that, Ti and TiN 
interlayers were deposited by applying -150 V DC bias voltage each for 1 min. TiAlN coatings 
were realized by using Ti-Al (50:50) cathode under DC and superimposed pulse bias modes in 2.5 
Pa nitrogen atmosphere using a DC bias magnitude of -40 V for a duration of 30 min. 500 and 1000 
V superimposed pulse bias magnitudes were used in the study. Both Ti and TiAl cathodes were 
operated at 60 A. Details of the coating parameters were presented in Table 1.  
The corrosion behavior of TiAlN coatings was investigated by using electrochemical impedance 
spectroscopy (EIS) (Bio Logic, Model SP-150 potentiostat/galvanostat) in deaerated 0.1 N HCl 
(pH =1) solution at room temperature. Before the tests, carbon steel substrate and coated samples 
were ultrasonically cleaned in ethanol-acetone solution for 10 min, then cleaned with distilled water 
and dried with ethanol. The samples were masked by applying chemical resistant epoxy resin 
(Duratek - AV 80), for exposing specifically determined open area to the solution. Electrochemical 
tests were conducted in a 3-electrode cell, using steel substrate and coated samples as working 
electrode, Ag/AgCl reference electrode, and rod shaped graphite as counter electrode. Before the 
engagement of the samples, HCl solution was purged with nitrogen gas for 20 min to eliminate 
dissolved oxygen in the system, then samples were immersed into the solution and purging process 
was continued during the test. EIS measurements were carried out at open circuit potential 
(corrosion potential), between 10 mHz - 45 kHz frequency range with 10 mV amplitude. These 
measurements were repeated successively to obtain time dependent AC impedance data of the 
samples. Total duration of the electrochemical tests was 5 h. Surface morphology of the corroded 
samples was investigated using SEM (JEOL JSM 5410). In order to supplement the corrosion test 
results, ferroxyl test was applied (in accordance to ISO 10309 standard) [26] to the coated samples 
that were subjected to the electrochemical tests for 5 h. Afterwards samples were placed into the 
ultrasonic system (SONICS Vibra Cell) for 1 min to open the top of the corroded sites and reveal 
the exact corroding area of the steel substrate. Samples were further investigated via optical 
profiling system (Veeco, Model: WYKO NT1100) to obtain 2D and 3D images of the pits. 
3. Results and discussion 
3.1 Structural and morphological investigations of the coatings 
The details of modifications on the morphology and structural properties of TiAlN coatings 
depending on different bias mode applications (DC and superimposed bias modes) were given in 
our previous study [25].  According to the results of this study, application of superimposed bias 
on DC decreased the amount of macro particles (MPs) on TiAlN coatings remarkably (Fig. 1).  
Several mechanisms have been proposed for the explanation of the decrease of  macro particle 
attachment with the use of  high voltage biasing, including enhanced ion sputtering of the 
protruding MPs [27], removal of loosely bonded MPs due to the incident high energy ions [28, 29], 
evaporation of MPs in the sheath as a result of their collision with the high energy ions [30] and 
reflection of them by the sheath electric field [31, 32] repeated negative charging of MPs due to 
the oscillations of plasma sheath thickness under pulsed bias, contrary to the stable plasma sheath 
thickness in the case of DC bias [33].  
Another effect induced by high energy pulses of bias is the densification of grain boundaries by 
the increase of ad atom mobility [34], that is reflected to the microstructure as dense fine columnar 
structure [25].   
3.2 Time dependent polarization resistance of the samples 
For the determination of time dependent corrosion resistance of the samples, EIS measurements 
were performed and polarization resistance (Rp) were obtained from Nyquist plots. Corrosion rate 
and Rp are inversely related to each other according to the Stern-Geary equation [35-37], 
                                                              𝑖𝑐𝑜𝑟𝑟 =
𝑘
𝑅𝑃
                                                                      (1)     
where icorr is the corrosion current density, i.e. corrosion rate, Rp is polarization resistance, and k is 
a constant, which includes anodic and cathodic Tafel slopes.  
Rp values extracted from Nyquist plots indicate better corrosion behavior of the coated samples 
(Table 2).  Rp of all samples decreased with increasing immersion time. This expected downward 
trend of Rp is the result of prolonged uniform corrosion phenomena in mild steel substrate and 
extension of localized corrosion in the substrates below the defects, i.e. porosities [6, 37-39]. Even 
though, Rp decrease with increasing immersion time, TiAlN coatings produced by superimposed 
bias preserve their higher Rp when compared to steel substrate and TiAlN coated substrate 
produced with DC bias.  
3.3 Equivalent circuit fitting of the samples 
Nyquist plots of the samples obtained after 5 h exposure period are used for equivalent circuit 
determination and fitting process (Fig. 2). We used Rs(Qdl[Rp]) model for mild steel substrate (Fig. 
3a) and Rs(Qcoat[Rpore(Qdl[Rp])]) for TiAlN coatings (Fig. 3b), which are the most common 
equivalent circuits in the literature for steel substrate and porous electrodes [37, 39, 40]. In the 
generalized model for mild steel substrate, Rs indicates solution resistance, Qdl shows capacitance 
of double layer and Rp (or Rct) stands for polarization resistance of the substrate. In the modeled 
equivalent circuit for TiAlN coatings, additional circuit elements are adapted to the system as Qcoat, 
which represents the capacitance of coating and Rpore (charge transfer resistance of pores), besides 
Rp (Rct) stands for polarization resistance of the coating. Constant phase element (CPE) was used 
instead of pure capacitance (C) in the equivalent circuits since better fitting results were obtained 
when C was replaced with Q. Altering perfect capacitor (C) with constant phase element (Q) in 
equivalent circuits is generally necessary for porous PVD coatings because of the deviation from 
ideal capacitor to non-ideal, i.e. leaky capacitor, that is generally associated with the surface 
roughness and inhomogeneity [37-41]. This deviation from the perfect capacitor can be 
demonstrated by the parameter n. The n parameter varies between 0 (pure resistance) to 1 (pure 
capacitance) [38-41]. Thus, if n is close to 1, sample demonstrates nearly perfect capacitive 
character. Zsim software (Ec-Lab V 11.17) was used for fitting procedure and relative error of 
fitting is under 5 % for all samples.  
From the fitting data given in Table 3, solution resistances were very close to each other for both 
uncoated and coated samples. On the other hand, Qdl and ndl were lower for TiAlN coated samples. 
However, ndl values of the samples did not show a significant variation, indicating that the 
electrochemical character of double layer is similar for all samples.  
Polarization resistance (Rp) of the samples displayed differences as expected and the results are 
very close to the polarization resistances obtained after 5 h exposure (Table 2). Accordingly, the 
highest Rp belongs to the DP1000 coating, while mild steel substrate has the lowest polarization 
resistance.  
Pore resistance (Rpore) of the coated samples increased in the following order: DC, DP500 and 
DP1000. Liu et. al proposed that Rpore parameter and porosity amount are inversely proportional to 
each other, thus a higher Rpore indicates lower porosity in the coating [42].  
Coating capacitor (Qcoat) showed a downward trend for superimposed coatings compared to DC 
biased TiAlN coating. This behavior could be attributed to the lower porosity amount in the 
coatings produced by superimposed biasing [39]. In addition, ncoat of the DP samples were very 
close to 1 indicating their almost perfect capacitor behavior.  
These results showed the higher corrosion protection ability of TiAlN coatings produced with 
superimposed bias. However, these results do not include the morphological features of corrosion 
damage such as corroded site size, distribution and morphology. In the next sections, results on the 
size and distribution of the corroded sites that were examined by ferroxyl test, SEM and optical 
profilometry were presented. 
3.4  Distribution, size and morphology of the corrosion sites on the coated samples 
For the visual determination of the corrosion sites on the coated samples, which were exposed, to 
the corrosion test for 5 h., ferroxyl test were performed. From the macro images of TiAlN coatings, 
it was clearly observed that DC coating has the highest number of corrosion sites, i.e. marked as 
blue spots (Fig. 4a), that decreased substantially in the case of the sample produced with 
superimposing -1000 V pulse on DC bias (DP1000 sample) (Fig. 4c). The number of the blue 
colored corrosion sites in the coatings was given in Table 4.  These results are partly in accordance 
with the results of electrochemical tests. According to the electrochemical tests the corroding area 
of the DC coated sample should be higher than the marked areas because Rp of this sample became 
very close to the Rp of the uncoated steel substrate after 5 h exposure to the corrosive medium 
(Table 2). On the other hand, although the marked corrosion sites of DP500 sample is close to DC 
sample, Rp of DP500 is almost two fold higher than DC sample.  
To clarify these differences, corrosion sites marked by ferroxyl tests are investigated in detail with 
SEM. General character of the corrosion sites revealed that corrosion of the steel substrate under 
the coating started by the penetration of the solution through a defect (such as pinhole, periphery 
of a MP) that extends in the substrate (Fig. 5). As a result, corrosion of the substrate starts and 
expands inwards under the cover of the TiAlN coating. Slightly observable circular trace around 
the pit highly probably indicates the substrate area subjected to corrosion. As explained in the 
experimental section, to reveal the exact area of the corroded sites, samples were subjected to ultra-
sonication to remove the coating layer above them and then investigated using SEM (Fig. 6).  
SEM images of TiAlN coatings clearly showed that pits have similar morphology in all coated 
samples, which are spherical and have crystallographic etching appearance resulting from acidic 
character of the medium (Fig. 6). Diameter of the pits for DC, DP500 and DP1000 were about 50, 
35 and 30 µm, respectively. In the DC and DP500 samples, around the deep pit, a shallower 
corrosion region that mainly extends in one direction is observed. This observation indicated the 
deepening of the corrosion region below the pinhole and undermining of the substrate around the 
periphery of the pits took place concurrently. Directionality of this expansion can be related to the 
position of the sample in the solution. Arrows on the figures indicate the direction of the pit 
expansion, i.e. hanging direction of the samples. It is well known that pits preferentially grow in 
the direction of gravity [43].  
For determining the depth of the corroded areas after stripping their caps, optical profilometry 
images of the samples were taken in an area of 9 mm2 (Fig. 7). As it can be seen from the images, 
there is no significant difference between the number of corroded sites for DC and DP500 coatings, 
while DP1000 has a few of them. On the other hand, the depths of the corroded sites showed great 
variations from -5 to -40 µm. The deeper corroded sites were observed in DC sample and the depths 
of them decreased for the coatings produced by superimposed bias mode, being shallowest for the 
DP1000 sample. These results clearly indicated that for the coatings produced by superimposing 
pulse bias, the defect sites that lead to corrosion and their depths are decreasing by the increased 
magnitude of pulse bias voltage. Additionally, these results gave an insight for a proper 
interrelation between the electrochemical corrosion testing results and the morphological features 
of the corroded sites. Although the number of corroded sites in DC and DP500 samples are similar, 
the corrosion rates calculated from EIS measurements has an almost two fold difference (Table 2). 
Results of the morphological investigations after removal of the caps of corroded sites showed that 
this difference arouse from the corroding area of these two samples.  The depths of corroded sites 
on DP500 samples are significantly shallower showing the important contribution of the corroding 
area under the coating cap in EIS measurements.   
 
4. CONCLUSIONS 
The results of this study showed that by superimposing high voltage pulse on DC bias, corrosion 
protection ability of TiAlN coated steels could be increased substantially. This improvement is 
related to the decrease in the number of MP and densification of the coating structure by 
superimposing high voltage bias both of which may act as the source of defects extending through 
the coating to the substrate. By increasing the magnitude of superimposed voltage to -1000 V 
protection ability of the coatings became more pronounced. Another outcome of this study is the 
necessity of combining electrochemical corrosion test results with the morphology and distribution 
of corrosion sites. For a proper interpretation of corrosion protective properties of the coatings, 
electrochemical test results and the real area of the corroding sites on the substrate should be 
determined because during electrochemical tests total area of corroding substrate is the main 
determining parameter of the corrosion rate (Rp). In our case we have determined that corrosion of 
the substrate that initiates at a defect site extending through the coating continues to grow below 
TiAlN coating layer. The removal of the coating layer above the corroding site revealed the real 
working area of corrosion. The depths and diameters of the corroded sites on the substrates 
decreased in the following order DC- DP500 and DP1000. 
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 Figure Captions 
 
Figure 1. SEM images of TiAlN coatings a) DC- produced with -40 V DC bias b) DP500-produced 
with superimposing -500 V pulse voltage on -40 V DC bias c) DP1000 produced with 
superimposing -1000 V pulse voltage on -40 V DC bias 
Figure 2. Nyquist plots of steel substrate and TiAlN coated steels in deaerated 0.1 N HCl solution 
after 5 h immersion time.   In this figure solid lines represent the fitted curves.  
Figure 3. Equivalent circuit models; (a) generalized model for mild steel, (b) model for TiAlN 
coated steels. 
Figure 4. Macro images of coated samples after ferroxyl test.  (a) DC, (b) DP500, (c) DP1000. 
Figure 5. SEM image of the corrosion site on the DC TiAlN coated steel. White circle indicates the 
trace of corroded substrate below the coating 
Figure 6. SEM images of corroded sites determined by ferroxyl test after removal of their cap by 
ultrasonication. Arrows on the figures represent direction of gravity (a) DC, (b) DP500, (c) 
DP1000. 
Figure 7. 2D and 3D optical profilometry images of the corroded sites of TiAlN coated samples 
after removal of their caps by ultrasonication. White arrows indicate the exemplar-corroded sites. 
(a) DC, (b) DP500, (c) DP1000. 
 
 
 
 
 
 
 
 
 Table 1. TiAlN coating parameters and thickness of the coatings. 
Sample Step 
DC bias 
(V) 
Pulse bias (V)-
duty cycle (%) 
Deposition 
temperature 
(oC) 
Coating 
thickness 
(µm) 
DC 
Ion etching - -1000/80 % 
285 + 5 3.8 Ti/TiN interlayer -150 - 
TiAlN coating -40 - 
DP500 
Ion etching - -1000/80 % 
315 + 15 3.6 Ti/TiN interlayer -150 - 
TiAlN coating -40 -500/14 % 
DP1000 
Ion etching - -1000/80 % 
400 + 30 3.9 Ti/TiN interlayer -150 - 
TiAlN coating -40 -1000/14 % 
 
Table 2. Rp of uncoated and TiAlN coated steel depending on immersion time in 0.1N HCl solution. 
Immersion time  
(min) 
Mild steel 
Rp1  
(ohm.cm2) 
DC 
Rp2 
(ohm.cm2) 
DP500 
Rp3 
(ohm.cm2) 
DP1000 
Rp4 
(ohm.cm2) 
50 1751 5936 6284 16456 
130 1367 3500 4168 11643 
210 1241 2249 4042 9479 
290 1159 1601 3314 6683 
 
 
Table 3. EIS fitting results of the samples (after 5 h exposure to 0.1 N HCl). 
 Rs 
(ohm) 
Qdl*10-2 
(µF.sn-1.cm-2) 
ndl 
Rp 
(ohm.cm2) 
Rpore 
(ohm.cm2) 
Qcoat*10-2  
(µF.sn-1.cm-2) 
ncoat 
Steel 10 22.5 0.73 1132 - - - 
DC 16 10 0.70 1535 60 40 0.84 
DP500 15 3.75 0.68 3120 120 18 0.90 
DP1000 14 3.13 0.65 6240 240 16 0.91 
 
 
Table 4. Numbers of defect sites in the coatings that were determined with  ferroxyl test after 
5 h exposure to 0.1 N HCl solution 
 DC DP500 DP1000 
Number of defects/cm2 
38 25 2 
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